Since the discovery of anomalies in ozone isotope enrichment, several fundamental issues in the dynamics linked to the shape of the potential energy surface in the transition state region have been raised. The role of the reeflike structure on the minimum energy path is an intricate question previously discussed in the context of chemical experiments. In this Letter, we bring strong arguments in favor of the absence of a submerged barrier from ultrasensitive laser spectroscopy experiments combined with accurate predictions of highly excited vibrations up to nearly 95% of the dissociation threshold. DOI: 10.1103/PhysRevLett.113.143002 PACS numbers: 31.50.-x, 31.15.ae, 31.15.xt, 33.20.-t Dissociation and recombination properties related to stratospheric ozone depletion are attracting increasing interest to high-energy states of this molecule shielding Earth from harmful UV radiation [1] [2] [3] . Because of the quite complicated electronic structure of this seemingly simple triatomic [1, [4] [5] [6] [7] , many features of the dynamics of ozone formation are far from being understood. One is the discovery of the mass-independent fractionation [8-10] which is "a well-recognized milestone in the study of isotope effect"
Dissociation and recombination properties related to stratospheric ozone depletion are attracting increasing interest to high-energy states of this molecule shielding Earth from harmful UV radiation [1] [2] [3] . Because of the quite complicated electronic structure of this seemingly simple triatomic [1, [4] [5] [6] [7] , many features of the dynamics of ozone formation are far from being understood. One is the discovery of the mass-independent fractionation [8] [9] [10] which is "a well-recognized milestone in the study of isotope effect" [11] and a "fascinating and surprising aspect … of selective enrichment of heavy ozone isotopomers in the atmosphere and in laboratory settings" [6] . This is linked to intricate questions of isotope dependence of ozone formation rates for which the interpretation is not yet fully satisfactory. Several fundamental issues raised by ozone studies could have an impact on the understanding of important phenomena in quantum molecular physics and of the complex energy transfer dynamics near the dissociation threshold. Troe et al. [12] introduced a "chaperon mechanism" for the recombination processes, and Marcus [11] explored ideas of energy sharing through accidental vibration-rotation resonances being counterparts of classical bifurcations and a possible role of symmetry breaking. van der Waals states [13] , metastable states [14] , and Feshbach-type resonances [15, 16] have been considered in this context. The minimum energy path (MEP) towards the dissociation goes through a bottleneck of the potential energy surface (PES). The corresponding transition state (TS) region [1, [4] [5] [6] 17, 18] plays a key role in the modeling related process. A bird's-eye view on the stretching-bending cut of the ozone ground electronic state PES is shown in Fig. 1(b) . The dissociation PES limit is D e ¼ 9220 cm
The TS range extends from ∼3 to 6 a.u. for the longer O-O distance: in this range, the electronic structure changes significantly, causing the other O-O bond to shrink from R e ðO 3 Þ ¼ 2.4 a:u: to R e ðO 2 Þ ¼ 2.28 a:u:
Most high-level ab initio studies on the electronic structure carried out during many years have predicted that the MEP shape should exhibit a "reeflike" structure [1, 4, 5, 13, 14] with a submerged barrier below the dissociation limit. Since then, that reef feature has been taken as a true signature of the ozone PES. The important impact of the barrier on the formation and fragmentation dynamics has been discussed in several investigations (Schinke et al. [1] , Dawes et al. [6] , and references therein). These studies suggested that the rate coefficient of isotope exchange reactions should be very sensitive to the PES shape in the TS region. As a consequence of the reef feature, the calculated rate constants were 3-5 times smaller than measured ones and had the wrong temperature dependence [1] .
The question was asked whether this barrier could be an artifact of available ab initio calculations. Schinke et al. [1] found that an artificial removal of the reef structure from the PES substantially increased the reaction cross section and brought the calculated rate constants to much better agreement with the experiment. However, it was believed for the past decades that there was no evidence for the absence of this feature from the quantum molecular theory. An important finding concerning this puzzle has been recently reported by Dawes et al. [6] , who noted that "an avoided crossing with an excited (electronic) state can result in disruptions in the ground state surface seen as a submerged reef." They claimed that an account for several interacting electronic states in the wave function results in a better description of this region and consequently the reef should disappear [6] . Even if the excited states are not at all close, their inclusion in the optimization of the orbitals and reference space tends to "smooth" the barrier top, producing the "no-reef" effect. Dawes et al. were able to derive the thermal rate constant for the exchange reaction by using a quantum statistical model which agrees much better with kinetic experimental data in the absence of this submerged barrier. The role of the narrow incoming TS channel for the kinetics is an important issue to be investigated.
It has been argued [1] that chemical-type experimental data (thermal rate coefficients) are highly averaged quantities and detailed experimental "spectroscopic data slightly below and above the threshold would be instrumental in checking the shape of the PES in the TS region and verifying quantum-mechanical resonance calculations" [1] .
Along this line, we provide new insight, bringing strong arguments on the shape of the ozone TS. The aim of this work was validating existing theoretical hypotheses by an extensive set of accurate spectra measurements and analyses compared with theoretical predictions. This is based on a large set of relevant data originating from "physical" experiments: highly excited vibration-rotation energies approaching 95% of the dissociation threshold derived by ultrasensitive cavity-ringdown spectroscopy (CRDS) [19] [20] [21] . The motivation was to augment the knowledge of the properties of excited ozone: it is well known that even tiny stationary points on the PES could have significant consequences on the dynamics. The reef behavior has been associated with a bottleneck and the formation of short-lived metastable states which determine the reactivity and kinetics. A strong link between PES properties and dissociation or association dynamics has been recently highlighted in Refs. [6, 22] . Other than that, the analyses of resonance couplings in the observed spectra are expected to bring important information concerning statistical or nonstatistical ozone behavior [10, 11, 23, 24 ] at high energy.
The CRDS spectrometers developed for this project present unique performances in terms of sensitivity, spectral coverage, and linear dynamic range on the intensity scale. By averaging spectra over a small spectral interval, they allowed achieving a record sensitivity for CRDS of 5 × 10 −13 cm −1 corresponding to 1% attenuation of the incident light after a 200 000 km path length [21] . A set of 80 distributed feedback laser diodes was used to cover continuously the 5850-7920 cm −1 range. The ozone spectra were recorded with a routine noise equivalent absorption α min ∼ 2 × 10 −10 -5 × 10 −11 cm −1 , typically 3 orders of magnitude better than for the best Fourier transform spectrometers coupled to multipass cells [25, 26] . Figure 2 gives an idea of these experimental achievements: as the intensities of the detected bands decrease very sharply with increasing upper state energies, at the highest edge of our recordings the line strengths are by 8 Accurate theoretical predictions for band centers and for the vibrational dependence of rotational constants were mandatory for interpreting these very complicated CRDS spectra. At the highest range of observations, we used variational calculations from two versions of our recent ab initio PES [17] , both computed at a high level of electronic structure theory with the largest basis sets ever used for ozone. The first PES, referred to as R_PES ("reef_PES"), has been obtained by including single electronic state in the orbital optimization and possesses the reef TS feature as most published potentials do.
The second one accounts for Dawes' finding [6,18] mentioned above via a correction which considers interaction with the excited states. This changed the shape of the bottleneck range along the MEP and transformed the reef to a kind of smooth shoulder [6, 17] . This latter potential is referred to as NR_PES ("no_reef_PES"). The major difference between these two PESs appears in the TS range [ Fig. 1(a) ]: right-hand side for the R_PES and left-hand side for the NR_PES. The height of the reef barrier (at r OO ¼ 3.96 a:u:) with respect to the van der Waals well (at r OO ¼ 4.4 a:u:) in the R_PES is 35 cm −1 . Both PESs have very similar equilibrium configurations and give the same dissociation threshold: the theoretical value for both of them-D 0 ¼ 1.0548 eV⇔8508 cm −1 -lies between two experimental dissociation energies with a deviation of only 0.6% from the most recent experimental value of Ruscic [27] as quoted in [5] . Figure 1 shows the PES in one of the nuclear configuration sectors with r 1 < r 3 ; r 2 < r 3 , the two others being obtained by symmetry permutations. A detailed discussion of ab initio PES calculations can be found in Ref. [17] . On the bird's-eye view of the potential on the scale 0-10 000 cm −1 [ Fig. 1(b) ], the difference between R_PES and NR_PES is hardly visible but results in very significant changes for the spectroscopy in the range of highly excited vibrations. New experimental data allow clearly distinguishing between the two shapes of the PES.
Apart from the experimental breakthrough, a considerable challenge was the analyses of complicated experimental spectra. The centers of a rovibrational bands defined as the J → 0 limit of the upper state energies were accurately determined by following line series in P, Q, or R branches [26] in a large range of J, K a values. This implied the full rovibrational assignment of the recorded spectrum. Finally, in the full CRDS range, 5850-7920 cm −1 , a total of 15 489 transitions of 53 bands of 16 O 3 and 18 O 3 were assigned, resulting in 8999 upper state experimental vibration-rotation levels [ Table I ]. The diagram of band centers (vibration levels) deduced from the CRDS spectra is given in Fig. 3 . The centers of the seven highest, yet unpublished bands are given in Table I(b) . This large sample of states up to ∼95% of the dissociation energy represents valuable experimental data for crucial tests of various hypotheses for the shape of the ozone PES in the TS range.
In this work, we have explored the impact of the reef barrier on bound quantum states in this energy range. For spectra interpretation, other than band centers, quite accurate predictions for vibrational dependence of rotational constants and of "dark" perturbing states involved in accidental vibration-rotation resonances were necessary. In this context, we found that it was not possible to make a physically meaningful assignment of the CRDS spectra of ozone above 7500 cm −1 by using existing PES possessing a reef feature nor with the latest R_PES version [17] nor with any reef PES available in the literature. Calculated errors were too large for unambiguous band identification.
On the contrary, the predictions from ab initio NR_PES (without a reef barrier) are in excellent agreement with experimental data: the rms deviation for all band centers is below 1. Figure 4 shows a clear trend to an overestimation of vibrational energies pushed up by the reef barrier. Although there is still about 650 cm −1 until the dissociation, it is clearly seen that the effect of the reef is already pronounced at about 2000 cm −1 beneath D e , the error gradually increasing with energy.
The intermode energy transfer should critically depend on accidental resonances, for which no information in the 
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143002-3 high-energy range was available prior our study. The important point is that inflation of normal modes dramatically increases with energy when approaching the TS range (Fig. 3) due to accidental anharmonic coupling making vibrational motion more "stochastic" in classical terms [28] . For each vibrational state, the normal mode inflation coefficients i m ð%Þ ≡ 100 × i m indicate the contributions that remain beyond m leading normal mode terms:
Here C 1 is the major coefficient of the vibrational wave function expansion in the normal mode basis, C 2 is the second one and so on, these coefficients being calculated by the method described in Ref. [29] . If all i m are small, this means that the state has a pure normal mode character. If only i 1 is large (∼50%), this could correspond to one localized resonance of two coupled states, but if i 1 ; i 2 ; i 3; … are large, this means that no dominant normal mode contributions occur. Figure 3 shows that this is clearly the case of many highly excited states. However, there exist few "stability islands" of a regular vibrational motion (small values of i m in Fig. 3 ). Previously available high-energy experiments of Chang et al. [30] mostly sampled excited symmetric stretch states nv 1 (having almost vanishing normal mode inflation i m ∼ 0) that did not bring information on the dissociation channel. On the contrary, the wave function corresponding to our highest observed vibrational state of 16 O 3 ( Fig. 3 ) clearly samples excited asymmetric stretch vibrations with multiple nodes along the reaction coordinate towards the TS range. An ongoing prospective is to study the impact of symmetry-breaking isotopic substitutions on wave functions that could be a factor of the η-effect in the massindependent isotope fractionation [10, 11, 31] .
An important issue is the precision and the reliability of experimental data and calculations. As most of our rotational assignments were confirmed by ground state combination difference relations, our vibration-rotation levels and band centers can be considered as firmly established with an experimental accuracy of 0.001-0.01 cm −1 . Calculations were done by using two independent methods: variational [17] and algebraic (contact transformations [29] ) that permitted a normal mode decomposition of calculated wave functions. We became aware of a recent confirmation [32] of our calculated values using independent adiabatic variational method in hyperspherical coordinates [33] that gives average discrepancies with our values of ∼0.01-0.1 cm −1 for vibrational levels. Consequently, the calculated reef impact up to 30 cm −1 in Fig. 4 is a statistically well-determined effect that could be firmly attributed to the shape of the PES in the TS range and not to experimental or calculated uncertainties.
In conclusion, our line-by-line analyses of experimental spectra have evidenced vibration-rotation resonance perturbations through the coupling with 69 "dark" states, each of them inducing the strong mixing of 10-30 rovibrational levels. These results partly confirm Marcus' proposal [11] concerning the key role of resonances in the dynamics of excited ozone but also prove that internal ozone motion cannot be considered as fully statistical. The latter conclusion is consistent with results of reactive scattering [24] and with the corresponding quantum calculations [23] . 16 O 3 band centers observed in our CRDS spectra and theoretical predictions from two ab initio PESs [17] in the range approaching the dissociation threshold for the same energy ranking numbers. Circles correspond to NR_PES and triangles to R_PES. Centers of three newly observed bands at the highest interval are given in Table I. coupling with increasing energy. The spectroscopic and coupling constants, rovibrational energy levels, and resonance mixing coefficients will be reported elsewhere.
Our comparison of accurate theoretical predictions with a new set of high-resolution spectroscopic data [ Table I(a)] obtained via an ultrasensitive CRDS experiment strongly suggests the absence of the submerged barrier at the dissociation ozone channel, making the interpretation of physical and chemical experiments in agreement.
